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I. . SUMMARY

- “The Transfer Function Model (TFM) 1is an extensive computer program
which is capable of computing the downstream parameters of a jet engine
exhaust plume for generalized initial conditions, duct system geometry, and
liquid and/or gas dilution.

>For example, the TFM can be used to predict the opacity of a plume at
any distance from the engine exhaust plane, or the change in opacity as the
engine load is changed.

© -More specifically, the following parameters of the exhaust plume can
be calculated by the TFM at any arbitrary point downstream from the jet
exhaust plane:

A{') Particulate size distribution,

%.lz)Gas temperature,

C(3/6as density (and water vapor density),

Diu)Gas velocity

’f.(5)Droplet size distribution (if condensation has occurred or if

water has been injected))

:fI&}Light scattered and absorbed by each of the various sized par-

ticulates, auLl

o .

8(5)Tota1 plume opac1ty,f::;~\h*~.

The TFM can be used to determine the effects of changing any one of
several control parameters. Some of the paraﬁeters which can be modified
are:

At the exhaust plane:

A. Gas velocity (subsonic or supersonic)

B. Particulate size distribution

C. Mass flow rate
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P2 D. Gas temperature
. E. Water vapor density
£ Within the test cell:
AN
:I:_: A. Injected air (or steam)
. B. Injected liquid water
. C. Variable test-cell cross section
RS
:".j'j-_i The cost of running the TFM for a given situation is generally less
\ than $100.00. Thus, the TFM should prove to be a very cost-effective tool
::;j;' for predicting jet test cell exhaust plume characteristics.
I_-.
:-.?:_'; II. INTRODUCTION AND BACKGROUND
The U.S. Navy has a need to predict the opacity of jet engine test
.Z:,‘-I cell emissions and the parameters which affect the test cell exhaust opacity.
o
\3:-‘ Because of the difficulty and cost in measuring the particulate size
( and opacity of jet engine emission plumes, a computer code has been devel-
‘,:'.:j; oped which predicts the opacity. The code incorporates the basic laws of
‘_'.-'_ thermodynamics, hydrodynamics, and aerosol behavior, together with the laws
which govern light scattering and absorption, to describe both the condi-
._:‘:;: tions inside the "smoke" as it moves away from the engine and the opacity of
" the plume itself.
L
" Since the computer code describes the exhaust gas aerosol from the
. exhaust phase of the jet engine until the aerosol is transferred into the
Z:',j: atmosphere, the code is called a Transfer Function Model (TFM).
::j:'. In order to make the TFM as general as possible, allowance has been
4]
S made for the injection of steam, air, other gases, or liquid water at arbi-
.::;Z: trary points downstream from the gas. This capability makes possible the
jj-':? study of the effect of such injections on the opacity of the plume as it
:3 rises into the atmosphere.
e
N
3
F
e 2




The original computer code upon which the TFM is based was a code used
to simulate various pollution control devices. This aspect of the TFM would
make it a valuable asset if, in the future, the Navy wanted to evaluate pro-
posed test cell emissions control methods. The TFM could be used to simu-
late each of the proposed methods to determine energy costs, particulate
removal efficiency, resultant plume opacity, etc.

Later sections of this report describe in detail the equations upon
which the TFM is based and the computational techniques which are used. In
short, the TFM follows a representative parcel of "smoke" from the time it
leaves the jet engine exhaust until it rises into the atmosphere. As the
TFM "steps" the parcel along, it calculates the changes in the intrinsic
parameters (pressure, temperature, etc.) of the gas and the changes in the
size distribution and number density of the aerosol particulates. If water
has been injected, the TFM calculates (at each step) the amount of water
which evaporates and the size distribution and number density of water drop-
lets.

The second part of the TFM then uses the aerosol particulate and water
droplet size distributions and number density to calculate the opacity of
the plume. The second part of the TFM is based on the generalized scatter-
ing equations for electromagnetic radiation.

In developing the TFM, care was taken to make it as general as pos-
sible without increasing the computer time unnecessarily. The result is a
model which can be easily modified or expanded as required.

Tha TFM should provide a very valuable, cost-effective tool for use in

determiring jet engine test facilitv emissions.
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111, THEORETICAL BASIS AND COMPUTATIONAL TECHNIQUES
A. Exhaust Gas/Aerosol Dynamics

The TFM calculates the intrinsic parameters {temperature, pres-
sure, density, velocity, etc.) of the exhaust gas as it moves away from a
jet engine. These calculations are based on the basic principles of fluid
dynamics and thermodynamics for compressible fluid flow (see references
1-4). Those basic principles include the following laws and assumptions:

1. Conservation of Mass

2. Newton's Second Law

3. First Law of Thermodynamics

4, Second Law of Thermodynamics

5. Equation of State for a Perfect Gas

6. Compressible Flow

The equations which represent these basic principles are formu-
lated in the method outlined by Shapiro (reference 1). Using this method, a
matrix of influence coefficients is formed, the elements of which can be
used to calculate the change in each dependent variable due to changes in
the independent variables.

In this method, the matrix elements of influence coefficients are
first calculated using the initial values of the variables (i.e., the values
specified at the jet engine exhaust plane). The TFM then calculates the
changes in the independent variahles hetween that point and a point lying a
short distance downstream. The matrix of influence coefficients are then
evaluated for the new point and then used to calculate the dependent vari-

ables at the new point. This process is repeated until the exhaust reaches

a pre-specified point.

.......
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;&f\ At each of the calculation points (dependent variable evaluation
(é - points), several other calculations are performed. References for the basis
i%; of each of these calculations can be found in the Appendix, which consists
ii: of a FORTRAN 1listing of the TFM with documentation. They fall under the
GZ; ) following categories:
iéé “ 1. Liquid Injection. The TFM allows for the injection of liquid
fézz at arbitrary rates at arbitrary points downstream. The TFM checks to see if
o one of these ports has been passed in going from one calculation point to
the next. If it has, the injected liguid is subjected to break-up into
"9 smaller droplets in a separate routine. The drag which the injected liquid
_ exerts on the exhaust gas is calculated as is the cooling of the gas due to
&i& evaporation of the liquid and transfer of sensible heat from the gas to the
fES? liquid. The terms which arise from these calculations are added to the cor-
f{:{ responding changes in the independent variables.
i ; 2. Gas Injection. The TFM also allows for the injection of any
L;Si} gas (or gas mixture) at arbitrary ports downstream. At each calculation
jit point the TFM checks to see if a gas injection port has been passed, the gas
:i: mass injection rate is added to the exhaust gas mass flow rate, the momentum
CZEE of the injected gas in the direction of the exhaust gas flow is added in,
?3; and the injected gas is assumed to be completely mixed with the exhaust ges
;: to determine the resultant specific heat capacity and temperature. The in-
Ziéi jected gas may have arbitrary temperature and relative humidity.
uf;; 3. Aerosol Agglomeration. The size, distribution, and number
.g§§ density of the aerosol particles can change in several ways. At present,
i;;z the TFM assumes that they may change as follow:
.iir
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(1) Particulate-particulate collisions

(2) Particulate-liquid droplet collisions

(3) Liquid droplet-liquid droplet collisions

(4) Liquid droplet evaporation (or condensation)

The particulate-particulate collisions are assumed to occur
via random motion of the particulate (diffusional agglomeration).

The particulate-liquid droplet collisions are due to both dif-
fusional agglomeration and the fact that injected liquid droplets may have
an "ordered" velocity which is different from the exhaust gas, in which case
the collisions are due to inertial impaction.

The 1liquid droplet-liquid droplet collisions are calculated
using both diffusional agglomeration and inertial impaction.

A11 of these calculations are done at each time interval cor-
responding to each downstream calculation point.

4, Liquid Droplet Evaporation (or Condensation). The TFM, in its
present form, assumes that there are no chemical reactions downstream of the
jet engine exhaust. Thus, it assumes that a given chemical species is con-
served. As it now stands, the "FM monitors only one evaporating or condens-
ing species--water. At each computational point, the TFM calculates the
partial pressure of the water vapor present in the gas. If that pressure is
greater than the saturation vapor pressure condensation on the particulates,
then pre-existing water droplets can occur; if the existing vapor pressure
is less than the saturation vapor pressure, then evaporation can occur. The
TFM calculates the amount of evaporation (or condensation) which occurs at

each computational point for each size class of particulates and water

droplets.




The net water mass condensed between the two computaticnal
points is then calculated and the corresponding release of latent and sen-
sible heat is added to the heat of the gas.

B. Opacity and Electromagnetic Scattering Calculations

The TFM can calculate the scattering (and absorption) by any arbi-
trary size spherical particle for a given wavelength of electromagnetic
radiation and a given angle of scatter. Thus, by using these equations to
calculate the extinction cross-section for each size-class particle (par-
ticulate or liquid droplet) in the jet exhaust (at a given point downstream
from the exhaust plane), the total extinction cross-section can be ob-
tained. Thus, the opacity of the plume can be found by knowing the number
density of each size-class particle and the diameter of the plume.

The equations upon which the scattering and opacity calculations
are based are the solutions to the general scattering theory (see references
5-10).

These solutions are in the form of a series of expansions, some of
which are straightforward but cthers require evolved numerical techniques in

order to assure rapid convergence.

i}f The TFM must have the following parameters for each of the
k scattering calculations:
:;if 1. Diameter of the scattering particle
E:;: ) 2. Wavelength of the electromagnetic radiation
Ezgl 2. Angle defined by light source : particle : observer ;
fé 4, Imaginary and real components of the index of refraction of
éﬁ; the particle or the conductivity and relative permittivity of

the particle




Further documentation of and references for these calculations may
be found in the Appendix.
IV.  CONCLUSIONS

This model provides an ability to predict test facility particulate
and opacity for any combination of gas turbine engine and test facility/
control device configurations. The cost is estimated to 1/200th of the cost
to measure the same parameters.

The TFM is a cost-effective tool for the determination of jet engine
test cell particulate loading and exhaust opacity. It is both flexible and
general, The flexibility manifests itself in the ease with which a specific
situation (engine size and Toad, test cell geometry, liquid injection, etc.)
can be modeled. It is general in the sense that other effects (such as
chemical reactions, hydrocarbon condensation, etc.) can be added without
modifying the theory and computational techniques upon which the TFM is
based.

v. RECOMMENDATIONS

Two types of recommendations are pertinent concerning the model.
First, the mode! must be validated using actual engine exhaust plane/top of
the exhaust stack data. Validation will provide air pollution control
districts with confidence of the model's accuracy. Second, the following
additional efforts will make the model easier to use and more powerful when
evaluating control devices.

A. Turbulent Agglomeration

As the TFM now exists, all agglomeration of the particulates is
caleulated using diffusional agglomeration eguations only. However, turbu-
lent agqlomeration should be an important process in the modification of the
size distribution and number density, especially for particulates qreater

than about 1 micron.
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';2:: B. Entrainment of Air Into the Plume
!!- As the TFM now exists, the amount of air entrained in the plume is

an input parameter. However, more rea‘istic method would be to have the TFM
~alculate the amount of air entrained in the plume after it leaves the test
zell. The entrainment of air into the plume and the subsequent dispersion
is required to predict opacity.
C. Condensation of Hydrocarbons
As the TFM now stands, water is the only liquid/vapor substance
that is allowed to undergo phase transition. The evaporation/condensation
of any other liquid can be added to the TFM if the saturation vapor pressure
of the liquid is known.
D. Chemical Reactions
The TFM 1lends itself well to the addition of the effects of
chemical reactions. If this feature were added, the TFM could model the
effect of afterburning control devices on the plume opacity or injection of

ammonia for NOx control.

3




A A AR S B A Jen ) 4 A el S p e Sesedenete v S S A S St S AR AN RO MRS A A A A S

....... B e e L el R L S T e e

REFERENCES

1. Shapirc, A. H., The Dynamics and Thermodynamics of Compressible Fluid

Flow, Volume 1, Ronald Press: New York (1052), .

2. Milne-Thomson, L. M., Theoretical Hydrodvnamics, MacMillan Co: New

]
.
.

)

York [1960).

3. Sears, F. W., Thermodynamics, the Kinetic Theory of Gases and Statis-

tical Mechanics, Addison-Wesley (1953).

4, Fuchs, N. A., The Mechanics of Aerosols, Pergamon Press (1964).

Stratton, J. A., Electromagnetic Theory, McGraw-Hill: New York (1941).

Goody, R. M., Atmospheric Radiation, Oxford University Press (1964).

Chandrasekhar, S., Radiative Transfer, Oxford University Press (1950).

W N O

van de Hulst, H. C., Light Scattering by Small Particles, Chapman and

Hall: London.

9, Kerken, M., The Scattering of Light, Academic Press: New York.

10. Jackson, J. D., Classical Electrodynamics, John Wiley and Sons: New

York (1962).

10

........ .h. _. ~. - 3 " . Y v e . ~ N ’ ) s
...... I~ Ny I e ) e e
R YR IR TR Vo & VA YR Y. Y

UL VPR A, WL, S




p— d ':-"i - . %,
W T e i Sl gl e d.‘.\v—._'}.' .y “v—;_"-:‘r“r_ .’.","__- g .".r_ Caliery __.r__. "7'- At ;"_'.'. ‘?‘?‘-?‘?' J'_. PCatt _'- __‘r, ?'_‘ .. ._ _Hl

APPENDIX
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FROGRAM RUILD
LIMENSION DAZ(20) e NAT{20) ySLM(20) , INSLM(20)

DAICI) is the initial diometer of the aerosol rsrticles im Lhe
I th size class, assumed to have tinitially) the zame teinmo.iz-
ture as the Jet exhaust.

NAI(I) is the number dermsity of serosol rarticles initialig irn
the I th size class.

SLM(I) is the water—soluble mass in each of the serosol =art-
icles in I th size class.,

INSLM(I) is the water-imsoluble solid mass in each of the aerosal
rarticles in the I th sirce class.

1eOWICZ0,20) 9y NWIC20,20)y TWIC20)yNWIT(20)

DWICIsd) » NUWICIPY) ramd TWICDY sve S“hHe dizmatersrumber derns--
ityy 3nd the temrersturer resrectivel= of the I th size iniacted
at the J th rort.NWI(IrJ) can be divern J mortrsince it is normal-
ized later.

NWIT(I) is an aeeproximation to s tysrical water sAraug.

2y XWFORT(20) yWMDOT(20) » XAPORT(20) y AMIIOT (20) y CONSOL ( 20)

XWFORT(J) is the distance to the J th water inJection rort.

WMDOT(J) is the mass indection water irdection rort.

XAPORT(J) is the distance to the J th air inJection rort.
AMDOT(J) is the mass inJection rate of air at the J th rort.
CONSOL(J) is the concentration of soluble salts in the inJected water.
3»TIAIR(20) yUXAIR(20) y SPHUMD(20) »y MASEQW(20) »SFHTAR(20)
TIAIR(J) is the temrerature of the air indected at the J th
rort,
UXAIR(J) is the axial comronent of the velocity of the indected air
at the J th rort.
SPHUMD(J) is the srecific humidity of the das beind inJected at
the J th rort.It is defined as the ratio of the water varor densitu to
the total density of the gasi thus 3 value of 1.0 corresronds
to steam.
MASEQW(.J) is the mass eauivilant weidht(or kd./kmole)
of the das .indected at the J th rport.
SPHTAR(J) is the srecfic heat(at constant PPESSUPE) indected at the
J th ports(Joules/Kd~deg.Kelvin).

Now Dimension the working variable arrawus.

4yRA(20) yRW(20,20) »SOLIIMA(20520) »y INSOLM(20+20) yH2OMAS(20,20)
RA(I) is the runnindg radius of the asernsol rarticles.,
RW(I»J) is the running radius of the indected water drors.
SOLUMA(IyJ) is the runnind soluble mass in each of the(lsd) draes.
INSOLM(I»J) is the runnindg insoluble wmass in each of the(l:J) draes.
H20MAS(I»J) is the mass of water in each of the(lyJ) drops.

SrTW(20r20) yUXW(20,20) yNWC(202,20) yNA(Z0)» TAL20)

TW(I»J) is the running temprerature of the water drops whxch We re
inJected at the J th and which were aoridinally in the I th
size class.

UXW(IsJ) iz the running axial comronent of the valocitw of the wster
drors which were indected at the J th rort and whicoh ware originaillw
in the I th size class.,

NW(Ir»J) is the runninsg mumber of water dromss which were arigdinally of
the I th size class and were indected at the J &R sort  (NUST 1) mst bhe
less than NWI(IrJ) due loses bu collision or coasulabtion with lavaas
dromrs or Particles.)

A-2
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HACIY» ) is the runningd rumber of serosol marticlses which were orid-
inally in the I th size c1385.NA(T) wille ir- tamersls he less thais MAT
(I) because of loses by collisions and coassulatiorn with lzsger
rarticles or water drors.

TA(I) is the running temrerature of the aerosol ssrticlesy which can
be different from the main das flow because of condersation on the
rarticles.,

SyRUTIS(20) P KATJ(20) ¢y FNORM(20) yDRDIIF(20) y WORKAR(205y20) s TRW(Z20,20)

RWIJ(Y) is 3 conmtrol array to determinme it the J th wster seraw has
been inJectedi similarilygy KAIJ(J) is for the z2ir indection rorts.

FNORM(J) is 2 mormalization array for the dror zize distribution
indected at the J th rort.

ODRDIF(IY is a3 twriczl dros diameter disteibution to resresenst
the inJdected Jdrors.

WORKAR(IyJY and TRWI(IyJ) are temrorary storage za2rravysy used when
iruecting hie water srraus.

ZyWATM(20) s TYARDI(20) s TYNUMD(20) » DAFLOT(20)
WATHM(I) is the array of the corndensed water mass orn each of the
I th size aerosol particles.
TYARDI{(TY) 15 a tuepical 3erosol dismeter arras used to rerresen
the size distribution of the aerosol rarticles.
TYNUMD(I) is an un-normalized size distribution whichs with
DAPLOT is the rlotting array for the diameterss in microns.
8sA3(8)»Bb(6+6)»Cc(6)yDA(20)yDAIFLO(20)
AayBbsCec are the Shariro matricies for the influence coefficients.
BA(I) is the ‘running’ diameter of the aerosol rarticles.
DAIPLO is the rlottindg arrauy for the initial diameters, microns.
yPLTXXXC(1000) » TIYYY(1000) pVIYYY(1000:yRHYYY(1000)

REAL NAIsINSLMsNWIsMASEQW INSOLMsNWyNANWIT,
1MeaqurloadinsMixirMdotl sMdot2sMsardlsMsard2yMoluwtisMoluwt2y
2NRBAR» INSLGNy MOWINA L  MUH20 » NAMAX

DATA Lodgnor /100,112.5+32215+3.7550.24y0.02¢0,0,0/ v

DATA DRDIF /1.92093:15:927¢210.914,720.527.935:747,965,980.+100,
1v140.,7200,9300.,7400.9700.91000./

DATA NUIT /0017002'004!105!107’205'400!600!700'1000!1500!2000
1!2500!350093500930007250091500’100010000/

DATA XWPORT /0.5092,0093.0094,0075:0056.00¢v7.00+,8.00y92.00,10.00
111,00912,00513,00+v14.0070.0916.00¢5047504760,¢7%9./

DATA XAPORT /1.5052:5093.5074.5015:5096.:50,7:.50+8.50+9.50,10.50
1,11.,009,12:.00913,00,14,00515,00515.,00517.,00+58,0070,0+56.00/
DATA WMDOT /0.9040090.0050.00+0,0090.,0070.00+y0.00y0.00+0.,00
1,0.,00¢0.0050,00¢0.,0090,00+0.00+0.00,0.00+0.00,0.00/

DATA AMDOT /00.0+0.00,0.00:,00.0090.0+0.0050.,0+0.,00,0.00,000.0
1'000'0o°’°0°’°0°!000!00000007000090007000/

DATA CONSOL /0.09¢0.090.050.00+0.070.00+0.09y0.0+0.0+0.0
17y0,0204090.0020.070:.0204070,0¢04+090.0+0.,0/

DATA TIAIR /150.,0+20,92049204920,2204920,720.920.»20,
1720.0¢20.0520.,0720.0v20.0»20.0920,0920,0+20,0»20.0/

DATQ UXAIR /5000!00070007000'0oOlOcO’OoO!OoO!O'OPOQO
190,010.090:0904070,070,050:070:070.0+0.0/

DATA SPHUMD /70.109040104050.0+90:090,0y0:0+0,0:,0.0+0.0
190,0+0,090.0904,090,090,050.070.0,0.0+0.0/

DATA MASEQW /30.930,0130.0530,0+30,0930.+0+30,0¢30:40230.0+18.0
1!300 ’300 !300 '300 ’300 ’300 '300 9300 '300 )305/

DATA SFHTAR /10046,7100864+910054921008492004421004451006.,
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1,1005.71980.,1005.71008.51C086422208.95008, 100 LO0L, « LOGS,
2:10046.91006.910068.,/

DATA TWI /20.5204920.7920,520,598,520.,+20.,20, 20,

17200 ",00 '200 '200 P200 9200 '200 »20. ’200 ’..0 /

DATA TYARDI /0.0550.1050.2950.3050.350¢0.75,1.0,1., Iy1:¢792.3+3.1
174,0+95.097.0910.0515.0520.0530.0250.05100.0/

DATA TYNUMD /S500.51000.5500.9200.5100.550,52Q.57,93.42.
11.20.150.,0150.00170.00150.050.020.020.0,0.0/

Now the Univeérsal constants?

Cva=746.4 @ srecic heat 3t constant volume of drvy air,
Rdas=8314,34 @ universal sa3s constant.

Rma=Rgas/29.98 @ das constant/(mol. wt., of stzck 4az).
"Amw=R=35/18.015 @ specitic d3s constznt Tor ustas varar.
PI=3.1315%

L=2,22583E6 @ latent heat of varorization of water.
Ers=Rma/Rmu

Gama=1.37 @ Cr/Cv for dry das.

Cra=GamaXCva @ Cp for dry air,

Cru=4184. @ specfic heat for liquid water.
Difl=2.39E-5 @ water varor diffusion coef. (a2/szc)
Rhol=1.E3 @ density of liquid water.

Cond=2.83E-2 @ Thermal diffusion cocefficient in air.

The units of Cond are Joule/(meter-sec.-ded.Kelvin)
Beta=0.034 @ Bets is the condensation coefficient.

Sig=0.072 @ Surface tension for water.

Emob=2.2E-4 @ Ion mobility in 3ir at 1 atm.

Eta=1.66E-5 @ Kinematic coef. of viscosite for air (m?/sec)
MUH20=1.143E-3 @ Vigcosity of H20 (Ke/meter—-sec.)

ETAH20=1.143E-6 2 Kinematic coef. of vis. for liauid H20 (m2/sec.)

TAYLRC=2.7 @ Tavlor’s constant:for dros breakur in fast da3s flows.

BOLTZ=1.38E~-23 @Boltzmann’s constant ( Joules/ded)

COAGC=(2./3.)%BOLTZ%293.146/Eta

COLCON=(2./9.)%Rhol/Eta

CWBRUP=2.5

CPH20=1980. @ Srecific heat a3t constant erressure for H20 varor.,
Mow the initial intrinsic rarameters of the aerosol.

Pdens=2.0E3 @ Particles’ mass density.
Meaw=358 € Eaiuv. molecular wt. of NaCl.
Euy=2.9 " @ van’t Hoff Factor.
Loadin=5.000 @ Particulate loadindg (drains/cu ft.).
P0O=1.005ES @ Initial rressure.
Sehuml=0.10 @ . srecific humidity,
0=555. @ Jet exhaust temrerature in deds. Centidrade.
v0=256800. @ Jet exhaust velocity in ft/sec.
Wo=1597. @ Mass flow rate throudgh Jet endirer lbs/sec.
Xtot=350. o -
A0=4.0 @ The initial cross-sectiorial area of the flow ductrssa.meter.
Ratio=2.5 @PRatio is the ratio of the max. to mim. cross saect.

Now some of the indJected spray rarameters.

RHOSOL=1.05E3 @ Nensity o liaquid to be inJdected (ks/cu.meter)
Caleculate constants coefficients and convert 3ll marsmeters to MRS
Sustem of units.

FP1=F0O

Ac=2,0%Sig/(RholXRmw)

Bc=3%18.015/(4XPIXRhol)

C3=LxLxDifl/(CondxRmwikRmw)
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CH=8%F LD £ 1/ Rinw
CI=4,%FI/3,

Cli=0,01SkEmlodek?., ALY/ (Pdans axFT)

C12=3/(Rhol*C&w)
Cl3=I_/C4%FTI)
C14=4%FI¥Cond

Initialize =sriculata earzmeter

V1i=V0/3.2808

g 2 J=1,20
TWIC)Y=273.15+THIL)?
TIAIRCII=TIAIRCJIF273.1%
TA(D)=TO0+273.15

CONTINUE

SUMNUM=0.0C

Brr3Us.

FLOMKS=Losdinx2.293E~3 @ Convert =aricle

DO 9 I=1,20
DAI(I)=TYARDI(I)*1.E-4

loading irnto Kd/cu.metar

RA(I)=DAI(I)/2 @ Cslculate initial rarticle radii in MKS,

DACI)=DAI(I)

SLM(I)=0.

WATM(I)=0.
SMFACT=CSXRA(I)XX3XFdens
INSLM(I)=SMFACT-SLM(I)
SUMNUM=SUMNUM+ZMFACTATYNUMD{T)
DO 10 JI=t,20
NWICI»J)=pUIT(I)

NW(I»J)=0.,0
DWI(IyJ)=DRDIF(I)*1.0E-6
RW(I»J)=(DWI(I>»J)/2.)
DMASSE=CS%XRW (I J) ¥X3IKRHOSOL
SOLUMA(I»J)=CONSOL (J)XDMASSE
H20MAS(I» J)=DMASSE-SOLUMA{I»J)
INSOLM(I»J)=0,
TW(IsJI=TWI(I)

UXW(I»J)=0,

WORKAR(I»J)=0.

TRW(IrJ)=0.

CONTINUE

CONTINUE
FACNRM=SUMNUM/FLIDMKS

po 7 J=1,20

FNORM(J)=0.

KWIJ(JI=0.,

KAIJ(J)=0.

DO 8 I=1,20

FNORM(J)=FNORM( D) HNWICI» J)RCOSXRHOSOLKRW (I v J) k%3

CONTINUE

CONTINUE .

Do &6 I=1,20 .
NAIC(I)=TYNUMDC T )Y /FACNRM
NACI)=NAI(I)

CONTINUE

Conduw=0

Time=0

Dtmax=1,00E-4

A-5



2

R{s)

11

(o]

OaGaa

Jt=D L OE-3

Deltim=ot

X=0

KKK,

Court=0

Lmn=Q

Initialize the rlot saramcters @
DXFLGT=50,0
XFI_L0T=0.0

KFPLOT=0
TL=TC+273,14
WOCTC=WOQ/2,2
Zl=RHkEsat ! TL:
Mixl=EzgXkEL/(F1~il1}

Senuml=Mixl/ (1+Mixl) 0@ Brecific Numigdityg.

Mixl=Sehuml/ (1, ~3=nanl)
El=Mi1%F1/(Ers+tiixl)
Cv=(1+1,02%Srhuml)%Cva
Cr=(1+40, 9*Sﬁhum1)¥CP
Gami=Ce/Cv’
FrVasf=(Eta/Difl) k(1. /3 )

Redin sterrindg.

CONTINUE
KRKK=KKK+1
Lomn=Lmn+1

Rm=Rma/(1-(1-Eps)XE1/F1) @ Gac constant

IF (Len.GT.1) GO TO 11

"Gasdnl=P1/(Rm¥T1) @ Gas mass densits.,
Mdot1=GasdnixV1XA0 @ Gas mass flow rate.

Mdot1=WDOTO
Vli=Mdotl/(GasdrilXA0)
Csardl=GamlXP1/Gasdnl
Msardli=V1xV1/Csardl

Snspdl=Csardixx.5 @ Seeed of sound in
Rhowl=E1l/(RmwXxT1)

Rhodal=Gasdni-Rhowl
Molwti=Gasdnl/(Rhodal/29.98+Rhowl/18.015)
Areal=A0
CONTINUE

Calculate factors for diffusion rate on
Frepth=Difl/Beta3X(2.XFI/{RmwXT1))XX{(0.5)
Set values for heat ventilatior factors.
FrHeat=(EtaXCrXGasdnl/Cond)X%x(1./3,)

IF (X.LT.XFLOT) GO TO 3
XFLOT=XFLOT+DXFLOQT

KPLOT=KFLOT+1

IF (RPLOT.GT,1000) GO TO 100
PLTXXX(KPLOT)Y=X

TIYYY(RPLOT)=T1~-273.,16

V1YYY(KPLOT)=V]

RHYYY(RPLOT)=0Gasdnl

PRINT 202

FPRINT %y (PLTOUT(MFPIKPLUTYyMFT=1,5)
FPRINT Xy (PLTOUT(MFIKFLOT) MPI=&»B)
FRINT %y (FLTOUT(MFISKFLOT)yMPI=®y10:
JF (KFLOT.QT.1) GO TO 333
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DoAY =1 .20

T OXWLTxWFORTOY) Y 0D TO 20 @ sec 1 J win moet oas Lo A TR TR
IFC(RKWIJC)Y) WNELOD)Y GO TO A0 @ Check to cee 17 i1roected O ~ravioa:
KWIJCJy=d @ S5et this water =art flsg ronm ers.

Now Ltndect J bt srras and shatter dross,
ng 41 I=1+20
NWICI»JI=NWI(IJ)/FNORM(CIY

Iw order to obtain the rumber aemsity of drorsg i the T th o sL0e

rangeyinJdected at the J th rorty multisls MWI(I-) Dy the water
mass inJection rate st the J th rorte ond divida oy Live tabsl
(gerosol 42s slus indected 3as ~luc ecsrorated g3 volione 710w
rare of the 338 ( cu. meters/sec.:
NWOLy DN=NWT (I J2RWMDOT L 7 (Mdos Ll /Rhawl)
NWIiTIyJi=NWICIyJIXWMDOT(J)/ (Mdotl/Rhowl)
Checlk Tawlor’s criteria for dros braakur,
VREL=V1-UXW(IJ)
TEST=RhowlAVRELXX2/(2.%S1id/RW(TyJ))
IF (TEST.LT.TAYLRC) GO TO 44
[ror rasses criterias break it us.
VOLTIJ=COXRUW (I s J)KKIENW(I )
RBAR=CWBRUFX (2 . XRW{ Iy I KX{ . T X (MUH20X(Sid/Rhol )Xk, S
1/(GasdnlXVRELXX2) ) %kX%(1./3.)
NRBAR=VOLI.J/ (CSXRBARXX3)
D0 42 K=1,19
TRCE=(RW(K» J)+RW(K+1:,4)2/2.,
IF (RBAR.GT.TRCE) GO TO 42
JAY=K
GO TO 43
CONTINUE
JAY=20
CONTINUE - .
TRW(JAY »y )= ((CSAWORKAR (JAY s J)RTRW(JAY » 1) XX34+VOLT D) /
1 ((WORKAR(JAY » JI+NRBARIKCS) Y kX (1,73}
WORKAR(JAY » J)=WORKAR (I v J)Y+NREAR
GO 70 41
CONTINUE
TRW(I vy D=C((WORKAR(Iy J)RTRW(I vy JI)XXKIXNW(I» J)KRUW (T » JIXXI3)/
1(WORKAR(Iy JY+NW (I J)))XX(1,./3.)
WORKAR(I» J)=WORKAR(I» JI+NW(IsJ)
CONTINUE
DO 45 I=1,20
NW(I»J)=WORKAR(I».J)
RWC(IryJ)=TRW(IyJ)
DMASSE=COXRHOSOLARW(I » J) XX%3
SOLUMAC(I» J)=DIMASSEXCONSOL (D)
H20MAS(I»J)=IIMASSE~-SOLLUMAC(I»J)
CONT INUE
CONTINUE
Set It for this iteration,
Dt=AMAX1(Dtmax, Lt}
no 200 J=1,20
IF (RKWIJCIYEQ.0) GO TG 209
[F (WMOOT (D LER.0.,0) GO TI 260
no 201 1=1+20
IF (NW(I»J).EQ.0.0) GO TO 201
VFRSR=Esat (TW(l, ) yX({l.+Ac/RUCT: )
IMOTR=CAXRW (L y DKCEL, TL1-UPRESR/TW T et
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HTRSEH3C14KRH([;J)k(ThaEuJ!-TL‘
CTRDBT=AFSCOLKOMDTR-HIRAOCN ) "0 0o sw s o Cabvad o0 ey 7
fcrite=dbame:, DITRDY
Dt=AMINL{OtDt0OL)
CONTIMUE
CONTIMNUE
(e 1t im=Dt,

Now oalculste tne cossulation,
Ng 49 J1=1,29
IF (KWIJ(J1).EQ.DQ) GG TO a9
g S0 J2=J1,20
IF (KWIJCJI2)YL,EQ.QY O Ty =y

The coszulation oo 10 oaimlshad e Yol 1Tl st o et b,

wiere nl o oi1s bthe nuamber Jarmsibts of the oo tler o0 niobas L s Lo

rau1lus of the smaller sseticlesy n2 and r2 57e Lie 53he 230306 .00

the larzer size rarticliac., Rirl,r2) is grwen D3.
KOrlor2)=(2/3) Kk Xt Ttakx((ritr2)XKX2/(r14r2))y wheare ¥ is “ne
Boltzman constanmnts Eta i3 the vizcsity of e¢ir 3t temrerature T,
0o 51 I1=1,20
IF(NW(IlyJ1).EQ.Q0) GO TO S1
00 S22 I12=11,20
IF(NW(I2,J2),EQ.0) GO TO 52
DIN1DOT=-COAGCKR(RW(I1y JI)+RW(I2-J2M)XKX2/(RW(TI1y J1)KRW(IZ2»J2))
IANWCIL» JIDRNWLIZ2» 42D
IF (RW(I2yJ2).LT.RW{I1»J1)) THEN
ILOS=12
JL=J2
IGANE=T1
JG=J1
ELSE
ILOS=11
JL=J1
IGANE=]I2
J6=J2
END IF
VLMCOA=DN1DTXRW(ILOS, JL)XXIXCSXDt
NWCILOSy JL)=NW(ILOSy JL ) +IINLDITXDL
RW(IGANE » JG) =( (CSXNW(IGANE » JG) ¥RUW( IGANE y JG) XX3~-ULMCOA) /
1(NWC(IGANEy JG) XCS) ) %k%X(1./3.)
SLMGAN=-DN1DTXDtXSOLUMAC(ILOS»JL)
SOLUMA(IGANE » JG) =SOLUMA (IGANE » JG) +SLMGAN/NUWCIGANE y JG)
INSLGN=-DN1DTXDtXINSOLM(ILOSyJL)
INSOLM(IGANE » JG)=INSOLM(IGANE » JG)+INSLGN/HUW(IGANE Y JG)
H20GAN=-DON1DTXDtXH20MAS(ILOSy JL)
HZOMAS (IGANE » JG) =H20MAS ( IGANE » JG) +H20GAN/NW ( IGANE » UG}
CONTINUE
CONTINUE
Now coadulate the waler drors and the 3ergsol sarticles.
D0 S3 1I2=1,20
IF(NW(T2+J7.EQ,0) GO TO S3
Do 54 I1=1,20
IF (NACI1)LEQ.0) GO TO S4
DNARDT=-COAGCKX ' RACTIYIRW Iy I IXR2/(RACT LY XRY T2 Y IYRNACT L)

1ENW(T2, )

VOLAER=ONARDTXRACTIL ) k% 3XCEHRDL

NATLL)=NA(I1)+ONARDITXD

RWOI2s ) =C(COKNW T2 50 &WCT2y Y KKRT-VOLAER ) Z(NWCTI 20 JVNY0E )
Lkx¢l./3.)
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r D D e AR KA R A Ron SR - RO AN R A ) S

SOLMACID s D =SOLUMA I DY =ONARD T licenin o 2T, 8 |
. INSOLMCL2» = IMGOIMC T2 Jr -ONARDT &AL S LHSLM O L o 006 5 4
I' H2O0MASC(TI2y D =H20MAS(IZ2y D) ~DHARDT kDEXWATH I L. AW 12y 4

- G4 CONTINUE
‘o 53 CONTINUE
.. 00 CONTINUE
- 47 CONTINUE
o 2 Mow coassate the serosol zerticles with themzaives,

VR D0 55 I1=1,20 _ [
. IF (NA(I1).EQ.0.0) GO TO =%

~ 00 56 I2=11,20

- IF INACIZ)LEQ.Y) 50 T3 Ss

S DNARDIT == COAGEX CRAL L) FRACTE) VK2 RACTE ) M 120 ki DL aa I2)

- NACL1)=NACI1) +DNARDT KDt

b RACI2)=((NACI2)KRACI2)KKT-DONARD TADTRRACDL) K%3) 7 (HACTI) 1) ;
1KK(1,/3.)

: SLM{I2)=SLM(I2)~INARDTXILKSLA(I1) /NACID) *
! INSLM(I2)=INSLN(I2)~DNARDTXItKINSLH(IL) /NACI2) ]
o WATM(I2)=WATHM(L2)-DNARDTAOtKUATM(IZ) /NACIR) 1
- S6  CUNTINUE ]
- 55 CONTINUE

- ONTHLA=0.
DNTHLA is the enerdy added to the 435 (mer unit mass of sas)
by the inJected air during Lt.
DMDOTA=0.
C IMIOTA ig the total mass rate of drs z3ir which is indected at
C 3 diven rort.

C MOWINA is the weidhted molecular weisht of the inJecten air
c during Dt.
ODMOMIA=0.
c DMOMIA is the total momentum (rer momentum of the das) which
C is added to the da3s by the indecter.
VAFINJ=0.0
i VAFINJ is the mass rate of watar varor indected durirg Dt.
DO &40 J=1+20
IF (XLLT.XAPORTC(I)Y) GO TO 490
IF (KATIJC(J)LMELDO?Y GO TD 40
o

indect sir at J th rort.

[w Rt

KAIJCJY=J
ONTHLA=DINTHLA - CSPHTARCII XK(TL=TIATIR (U y VLKV L /20 0 2AMUGT (J)Y “Madot L
IMDOTA=DMOOTA+ (1. 0~-SFHUMD (.J) »XxarlioTdW)
YAF INJ=VAFINJ+SFHUMD (J) XAMDOT(J)
ACHINA=MOWINA+AMDOT (J) XMASEQW () XGasdnl /Mdot L
DMOM T A=DMOMIN e (2. XUMATROS) ZVL X CARDIT (LU /Mot L)
CopeT T
e caloulate the collisicns of wrdected wate: drosws with

CEL BT Sniver geat s

AP PRTLPS - § SP S SV S S -}

. P LY [
a0 fiatad

I S IS A A B A B PO O S S S S SR *
I CWMDOr by e, e el g 2
BRI y
A2= 33400 3
G ENL DY B G T .
LT BN I T 1 R A | :
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NEainx=0, o

NAMA =G0

Lo ?¢ I=1.20

IF (NACI'.ZQ.2.0"
DACI)=2,¥RA T
DATFRLOCDY =D CIYRL,ES

NAMAX=AMAKL (NAMAXyNALT)

DAMAX=AMAXL (DAMAX, DAL

CONTINUE

PFLOZZZ=ALOGLO (NAMAXYX10,

NFLOZZ=INT(FPLIZZZH+(. 5

MMMOD=MODN(NFILJZZ,5)

NFLBZZ=NFPLOZZ+T-nhiM0n

FLOZZZ=NFLDZZ L0,

NAMAX=10 ., XXFLOZZZ

DAMAX=DAMAX%1 .Eo

XXSTF=DAMAX/10.,

YYSTF=NAMAX/10.

FRINT %X» NAMAXsDAMAX/XXSTFyYYSTF

CALL BGNFL(KFLOT)

CALL FAGE (12.97.()

CALL NOERRDR

CALL AREA2D(10.57.5)

CALL XNAME(‘FARTICULATE DIAMETER» (Microns)s’/s»100)
CALL YNAME ( NUMEER OF
1,100)
CAaLL
caLL
CALL
CaLL
caLL
CALL
CAaLL

TO Y

18]

HEALIN ¢(‘SIZE DISTRIBUTIOM $°»1iC0»1.0,1)
MESSAG('DISTANCE FROM ENGINE IS $7,100,5.5-7.02
REALNO(X»2» "ABUT ' » “ARUT "

MESSAG(’ METERS%‘»100, ABUT » ABUT")
GRAF (0,09 XXSTFsDAMAX 0.0 YYSTFyNAMNAX
YLOG(O,0rXXSTF»0.0+7.3)

VRARS (DAY ' BASE 2 NA»20)

CALL CURVE (DAIFLOsNA»20,1)

CALL ENDFLC(KFLOT)

GO TO 334

CONTINUE

CALL BGNFL(KPLOT)

CALL PAGE(12.99.)

CALL NOERDR

CALL AREA2D(1D.,7.3)

CALL XNAME(’FARTICULATE DIAMETER» (Microns)$‘s100)

TARTICULATES/CURIC METER IN 3IZ2E

RAMGES

CALL YNAME (/NUMEBER OF FARTICULATES/CUBRIC METER IN SIZE RANGESD’

1.100)
caLL
CALL
caLL
LaLL
CaLL
caLL
caLb
CaLL

HEADIN (’SIZE DISTRIRUTION CF FARTICULATESS

REALNO (X»2y ABUT »’ABUT")

MESSAG (‘ METERS$‘s100s ABUT » ABRUT')
GRAF (0.0yXXSTFsDAMAX» Q.G YYSTF»NAMAX)
MARKER (¢0)

CURVE (DAIFLO-MAI»20+1)

MARKER ¢2)

CAaLL CURVE (DAFLOT-NA-20,15

CALL ENDFL <hRFELOT

CONTINUE

1F (KPLCT.GE . L)
CONTINUE

Ga TO 1o
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AW L Ly LKW L2y 2
SLTONERW I Ly L L RO TI L JIDXYREL LS D LT

IF (UL B LT i, 214 35 T 73

)

COLEFF=(14+0.75«ALLDE 0. 200 TCLGLFPAR=- L 20400 kx (=)
Lo i =VRECIZRFIK(RWCLLY 1) AL e IRy 2 ERWIT e L DY)

CEMW L L SN O L2y J2 T LR
iF (RW(Ltsdl s PORWCES, 20, 5 T
=il
Ju.=di
IG=1Z
JG=32
ELSE
IL=1I2
JL=J2
IG=11
JG=41
END IF
DELNW1=0N1DTXDYL ’
IF (DELNW1.GT.NWC(IL»JL))Y DELNWI=NWC(ILJL)
NWCILyJL)=NWCILy JL)~-DELNUL
COLVOL= CSXDELNWIXRW(IL y JU)%X3
SOLUMACIG» J6)=SOLUMACIGy JG)+DELNWIXSOLUMA(IL s JL)/NW{IGy UG
INSOLMCIGr JG)=INSOLMCIG JG) +DELNWIXRINSOLM(IL s JL) ANWC(TIGy JG)
H20MAS(IGy JG)=H20MAS(IG» JGY+LELNW1IXH20MAS (IL yJL) /NW(IG, JB)
RWCIG» JG)=((CSXNW(IGy JG)ARW(IGy JG)XXI+COLVOL )/ (CIkNWC(IG.JG) ))
1Xk(1./3.)
CONTINUE
CONTINUE
CONTINUE
CONTINUE
Now calculate the collisions between the serosol sarticles and the
indected liquid drors due to the difference in their directed moticn»
using the same method as atove for the coilisions of water drors with
themselves.
00 74 J2=1,20
IF (KWIJCJU2).EQ.0) GO TO 74
IF (WMDOT(J2) .EQ.O) GO TO 74
po 75 I12=1,20
IF (NWCI2,J2).EQ.0, 30 TO 73
o0 76 I=1+20
IF (NA(I).ER.0.,0) GO TO 74
VRELAW=ARS (VI-VAW(I2,J22)
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DILPaR= LOL SO R A~I.an.1)%UhELndfhu\; y J2)
IF (COLPARJLE.1.214) B0 To 7¢
COLEFF=(140.75XAL00G ;+kLOLF~R""CDLPnﬂ~ b 2143V R% -2
INARDT=VRELAWXFIK(RACI ) XRACI ) +RWCTIZ s J2)KRW IRy U2 2 il (T )ik
IMYCI2, J2 Y RCOLERR
JuLnER-DNARDTan
TTOMELAER.OTVHACTIY )Y DELAER=NACI
ol D= D) ~DELAER
COLAVD=00%DE L ATRKRS T %3
&¢LCJ9 I2,42)= Sdtumqfl yJ2 04

Q«b_M\I)’NUkI vy J22
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arovationy the releagse of laterm. nests ars b
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Ty gmuntions waEosd Tor th2ase csLcailations are 33 follows:
“ .. . . . . -
) (VAP JPREZ3, 8t draor surf.o=isat,wanrs 3t Tedl2ha/ r-i3MrH30 2

22 dmsdt = AKP LErRDE CL/Rm Y LB/ To~En/Tr)

: L /ab)y={A/3 0 BPARRNOGIASH R (rRXI N AT A ) b AXF A ordR rX(Tr—-To)
T T DERICI IR - SR o B 2 Sana.nn ob bthe droslels

SSrE dmoon G e neoLn o menagrt t&e gonount of solubla ssiis in
novr sl aee ey amsdh 1s Lhie mEsaes

srmnin of 3 draslat of radius rq
S 1S thie waner varsr difrfuss r.vienfe Rmwa i the das oanshtant
Gr ow3tar vasars @ 15 tha vaenre eressyra rar Trom the droerryTa is the
Lammeratiare car Feom B drossEer znd Tr e2re the correcponding ayenti-

“irw owt L@ sarvace of tho drorletyil is the latent neat of varoriza-
i

T Y Bive liauilay Cru is the se22ific nest caracisy aof bthe | lauta

= raedy 3G Lo L3 e thermal diffusiiorn eceafficient in air.

TRTCONSQ, . ) - g
PHTCON e the Lotal amournt of hestirer mass o Zas) conduotad
vooia thermat daffusion) from Lhe serosol rarticles and indachad

water droms U the dgas duricg the tiae.

SN -

Tivmsd e heral mormartgrecser onlt momentumn nd dag : .
witior Lz o Lo B owms By evasosabion af Liouid durine

. iShawiro’s 2 KgsublX{(owseTi W) )
TLoMAE=Y, :

TOMMAS dia the total mass comdensed (mar neih onmes Al oghe gas?
t"‘.}s
Nk,

VEFENM e Gre anards (wae prieomadss of hhe gan) adoind ba Lo saw
ot evaeoraeand Liouiet o aureed T
M) B30 I=ly30
IF (NACDYLEQWG.G 0o T 8
J:%SR%CsatCTA(I\)*(I.nﬁwﬁﬂﬁ(r;«rwmﬁnmﬁLHfI\f:ﬁ*’ﬁ"fﬁ\\
ST AR DY E L ST L=UPRRERS TR
i Py ke evargereion rate For o small droeliens

U TRAlMPETRY CRACT P/ RACT Y AT rge i)

CRT R AR T TR T T )
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WATM{ Lo,

RACI)Y=DAI T -2,

OMDTR=COMNDNM.TIL

ELSE

WATHM(I)=WATM (I ) +CONLNM

RACII)=((SLMCIDY+INSLMCTY fbiey - 0 vCo alitho e o

END IF

TCNMAS=TCNMAS+CONDNMEANA(TI)Y Gasdnl
THTCON=THTCON+HTRACNXNA (T ) X1t/ Gasdnl
TEVFEN=TEVFEN-CONDNMX (CFH20X(TACI) -T1Y - r¥Na D Yhasand
DTRDT=C(LXIMDTR-HTRACN) / (CESRRbho L XCeuXltA (L) kX3
TAC(ID)=TAC(I)+DTROTXDt

IF (TAC(I).LT.Dtemr:z) TA(I)=Dtems

CONTINUE

DO 81 JU=1+20

IF (KWIJCJ).EQ,O0) GO TO 81

IF (WMDOT(J).EQ.0.) GO TO 81

D0 83 I=1,20

IF (NW(I»J).EQR.0.0) GO TO 33

VUPRSR=Esat (TW (I ))Xk(1.+Ac/RW(T»J)-EuXBRcAkSOLUMA(I».))
1/(RW(Ird)XX3))

DMOTR=CAXRW(I» J)X(EL1/T1-VPRSR/TW(I-1))

Modifys the evaroration rate for small drorlets and ventilation?
SaReuy=(2 . XRW(IyJ)XABS(V1-UXUW(IsJ)}/Et3)X¥(0.5)
Frossi=1.0+0.276%SaRegsxFrVarf
DMDTR=DMDTRX(RW(IsJ)/(RUW(Is ) +Frerth))%kFrossl
HTRACN=C1A4XRW (I J)X(TUW(I+»J)-T1)

Modify the heat flow rate caused bg ventilation:
Fross2=1.04+0.276%SaRegyXFrHeat
HTRACN=HTRACNXF ross?2
CONDNM=DMDTRXDt
EVAFMS=~CONDNM

IF (EVAPMS.GBT.H20MAS(IyJ)) THEN

CONDNM=-H20MAS(IJ)
EVAPMS=-CONDNM

H20MAS(I+Jd)=0.,0
RW(I»J)=C((SOLUMACLyJ)+INSOLM(IyJ))/(FdenskC3) ) &X(1./3.)
IMDTR=CONDNM/IIt
ELSE
H20MAS(I» J)=H20MAS(I+ J)+CONDNM
RWCIsI)=C(((SOLUMACI»J)FINSOLM(I »J)) /FPdenstH20MAS(I»J) /Rhol)/CS)

1%%(1,/3.)

END IF

TCNMAS=TCNMAS+CONDNMXNW (I J) /Gasdnl
THTCON=THTCON+HTRACNXNW(I s J)XDt/Gasdnl
TEYPEN=TEVFEN-CONDNMX (CFHZOX(TW(I»J)-T1) L+

L(ULIXVLI-UXWCTy DIRUXWCTI» ) ) /2. )KNWC(TyJ) /Gasdnl

TEVUMOM=TEUMOM+ (2, XUXW Ty ) /VL )X (EVAFMSKNWL [ d) /Gasinl)
DTROT=(LXIMDTR~HTRACN) / (C5XCrwXRNOIXRW(I» J) kK3

TWC(Is HD=TW(I»J)+OLTROTXDL

IF (TW(Iy D) LT .Dtemrt) TW(Ir D =Dtemr:

CONTINUE

CONTINUE
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TUEMG=~TOHNAS
TTUEMS is tioe total li@uld moss Cver H3W n3uE 20anT e
during Db,

Cr

Mow caleculate and caellzot all of the chauxe: i bihe andessrdent
variables Tor imerct into the Shariro metrisd,

s RvEwEw

First calculate the worbk dome on dragsing itneested wateo,
SHFUWX=0.,0

SHFIOWX is the total work domne by the d4a3s (rer unit masz o
an the indected watar vis drad Forces durinzg Dt

—
i3

B e
H 5

8 &
(W Ny

T DAAKFM=0,0

Ei: C DZaKFM 15 the total drsa force 2xeried ow tos 343 2o thz
- E ingected water durinz D,

P D0 90 J=1,20

IF (KWIJ(J).EQ.0) GO TO 90
IF (WMDOT(J).EQ.0.0) GO TO 90
Do 21 I=1,20
IF (NW(I»J).EQ.0.0) GO TO 91
FORSIJ=DRAGF (RW(I+J}»VL1,VXUCL»J)r»G35dnl)
SHFDWX=SHFDWX+FORSTJXVUXW (I J) XM XNWY(I,J?Y /Gasdn]
DXARFM=DXAKFM+FORSIJ
DMASSE=INSOLM(I»J)+SOLUMA(I» J)+H2CMAS(I»J)
UXW(Iy2)=UXW(IsJ)+FORSIJKDt/DMASSE

?1 CONTINUE

90 CONTINUE
DAaKFHM=DXAKFM/ (ArealXGasdrnlkV1%xY1/2.)

c Now sum Shariro’s enerdy terms.
DADWDH=THTCON-SHF WX+ (ODNTHLATTEVPEN)

C Ne collect Shariro’s momentum terms.
SHFMOM=DXAKFM-(IMOMIA+TEVMOM)

c Sum inJdected and evarorated mass.
SHAFDW=(VAFINJ+DIMDOOTA) /Mdot1+TEVFMS

C Calculate the change in the density and molecular wt.

DRGSIN=DMDOTAXGasdnl/Mdotl
INDENS=VAFPINJXGasdnl /Mdotl
EVDENS=TEVFMSXGasdnl
Gasdn2=Gasdnl+EVDENS+INDENS+DRGSIN
Molwt2=(Ga3sdnl1XMolwt1+EVDENSX18.,01%+MOWINA) /Gasdn
Rhow2=Rhowl+EVIENS+INDENS
Rhoda2=Gasdn2-Rhow?2
Mdot2=Mdot1+SHAFDWXMdot1l

Now set us the matriy coefficients and caloulate the inderernd-
ent variables. Calculate deltas of the inderendent variables Lo
det to state 2. .

o000

Condw=Cordw+Tdeltm

Time =Timet+lleltim

Delx=VikDeltim

X=X+lel:

IF (X.GT.Xtot) GO TO 100
Areal=FNAREA(X+AO0yRat 10
W2=Rhow2/Rhodal

U2=W2/¢1 . +W2>
Gam2=(1.,40.20%U2)/¢1 . +1.02kU2)XGame

-
»
-

Calculate the indecendent variablas.

AR RN
*e e
[z wRw]

< .
>
]
—
£

TR T T T r T e RV W

- - S e e
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o
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LRSS (IR] (M) (TN
Cot¢3)=SHFMOM
Co(d4)=SHAFDW

KT
A

= Te e 4
R A

" CQ(5)=2~*(N01wt2—Hﬂlwtl)/(MolwtlvﬁolutZ)
o Co(d)=2.%(Gam2~C3uwl) (Sam2+Gaml)
Q' AT=Msardl
b, 7=Gaml
o C7=E7¥A7

” D72=1,-A7
', E7=R7-1,

F7=1,4C7

haal BV AT
G7=1, 427k,

H7=1,-07
BD(1lyd10=-2,457.°07
Boh(ly2)=F7/0U7
Bb(1yZ)=C7%XG7/07
Eb(1,4)=2 . %F7%G7/0:7
Bbh(1,95)=-F7/17
Bb(lsb)=-1,
Bb(2y1)==1,/017
EBb(2+2)=1,/07
Bb(2+3)=C7/(2.%X07)
Bb(2y4)=F7/0'7
Bb(2y5)=-1,/D7
Bb(2+6)=0,0
BRh(3y1)=E7XA7/(2.%07)
Bb(3+y2)=H7/(2.%07)
Bb(3y3)=—R7XE7XA7¥AT,/ (4. X077
Bb(3,4)=—E7*A7*F7/(:.XD7)
Bb(3+9S)==H7/(07%2.)

S _ | PN L AR RN

Bb(3,6)=0.5
Bb(4,1)=E7/D7%A7

Eb(4y2)=H7/017

Bb(4,3)=-B7XE7XA7/ (2, X07)

Bb(494)=~E7XA7XF7/D7

Bb(4yS5)=E7XA7/D7

Bb(4+6)=0.0 N
Bb(Sy1)=A7/D7 %
Bb(Sy2)=-1,/D7 s
Bb(5,3)=-C7/(2.X07) _ >
BD(5+4)=—(E7+1.)XA7/07 e
Eb(5,5)=1,/07 o
Bb(5+6)=0.0 X
Eb(6y1)=C7/D7 x
Bb(&,2)=-C7/07 )

Bb (6 3)=-C7%X(1,+E7XA7)/(2.%XD7)
Bb(46+4)=-2,%XC7XG7/017
Bb(6+5)=C7/0D7
Bb(6+6)=0.0
00 26 I=4s4
A3(T)=0.0
DO 21 Jd=1+4
A3(D)=Bb(Iy D kCo i N +Aas(I)

2 CONTINUE

20 CONTINUE
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C Caleulate the riew values of the intrinsic rarsmeters of the dsa. 2
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o Msard2=MsardlX(l.+A3 1)
. V2=Vl (L, +A3¢2))
RS Snscdl=smns=d1X{1.+Aa3(3))
i T2=T1K(1.+A8(4)
e Gasdnl=Gasdnl i l.TA42(S )
. F2=F1%(1l.+Aa(c))
rn
C Re-imitialize witn the new values. .
C
e Msarcl=Msardl
= Y1=u2
b.e Sroa=dl=3nsedl
o TL=T2
ny Gasdnl=Gasdn2
\ Mix1=W2
T F1=F2
oo- Rhowl=Rhow?2
T Rhoda=Gasdnl-Rhowl
- El1=RmwXRhowlxT1
Tt Rm=Rma/(l.-(1.~E=s)XEL/F1)
] Cv=(1.+1.02%U2)%XCva
oS Cer=(1.+0.90%U2)XCra
{Q Gamli=Gam2
o Aresl=Areal
. Mdot1=Mdot?2
O D0 93 I=1,20
— DAFLOT(I)=RA(I)¥2.0E4
( 93  CONTINUE
. GO TO 30
e 100 CONTINUE
- IF (KFLOT.LE.1) GO TO 10t
v TIMAX=-1,E$
- VIMAX=-1.E6
B RHOMAX=-1.Eé&
g TIMIN=1.Eé
ty VIMIN=1.E6
S RHOMIN=1.E6
- D0 350 I=1/,KFLOT
o TIMAX=AMAX1 (T1MAX» T1YYY(I))
- TIMIN=AMINL (TIMIN,T1YYY(I))
. V1IMAX=AMAX1 (VIMAXsV1YYY(I))
o~ RHOMAX=AMAX1 (RHOMAX »y RHYYY(I))
o8 VIMIN=AMIN1 (VIMINYV1YYY(I))
A RHOMIN=AMINI1 (RHOMINsRHYYT(I))
- 350 CONTINUE
el INTIMX=INT(TL1MAX+0.5)
@ IDEL=MODCINT1IMX+S)
o8y TIMAX=INTIMX+5-IDEL
w INTIMN=INT(TIMIN-0.5)
» IDEL=MODCINTIMMN»S)
o TIMIN=TIMIN-S+IDEL
= INVIMX=INT(VIMAX+0.5)
‘ IDEL=MODCINVIMX,S)
> VIMAX=INVIMX+5-TIDEL
o INVIMN=INT(VIMIN=-0,3)
. IDEL =MODCINVIMN, S
- VIMIN=INVIMN-5+TDEL

A-16
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Tl RHMX=INT  RHOMO G 5
IDEL =MOD« IMRHIA O 50
RHOMAX=INRHMX 5 - Tl
INRHMN=INT (RHOMIN~-C.3)
INEL=MOU(INRHMN»3)
RHOMIN=INRHMN-S+TDEL
INFLOX=INT(PLTOCCOLNTY 0L 5)
IDEL=MOD(INFLOX»10)
FLOXMX=INFLOX+10-TDEL
AXSTF=FLOXMX/10,
VISTRF=('"IMAX-VIMINY LG,
TISTP={T1MAX~-TIiIMIN)/ 10,
ROSTF=(RHOMAX-RHIIMIN . Ly,
CAaLL BOGNPL(XKFLOT+HL)
CALL FAGE (12.9%,)
CALL NOEBRIR
Cabll AREAZDN(10.57.5)
CALL XNAME ('DISTANCE FROM ENGINE, (Meters)$’,100)
CALL YNAME (’'TEMPERATUREs(Desrees Centidrade)®’»100)
CALL GRAF (0.0sXXSTFsPLOXMX»TIMIN,TISTF,T1MAX)
EALL CURVE (PLTXXXsT1YYYSKFLOT»1)
CALL ENDFL (KFLOT+1)
CALL BGNFL(KFLOT+2)
CALL PAGE (12.,9.)
CALL NOERDR
CALL AREAZ2D (10.¢7.5)
CALL XNAME (‘DISTANCE FROM ZNGINE, (Meters)$ ' 5100)
CALL YNAME (’'EXHAUST GAS SFEED:r (Meters/Sec.)$»100)
CALL GRAF (0.0sXXSTFyFLOXMX VIMIN:VIETPVIMAK)
CALL CURVE (PLTXXXsVIYYYKFLOT:1)
CALL ENDPL (KPLOT+2)
CALL BGNPL (KPLOT+3)
CALL FAGE (12.,%.)
CALL NOBRDR
CALL AREAZ2D (10.,7.5)
CALL XNAME (’DISTANCE FROM ENGINE, (Meters)$’,100)
CALL YNAME (’GAS DENSITY»(Kg,/Cubic Meter)s$s’,100)
CALL GRAF (0.0sXXSTFyFLOXMXsRHOMINsROSTF » RHOHAX)
CALL CURVE (PLTXXXsRHYYY,KPLOT,1)
CALL ENDFPL(KPLOT+3)
CONTINUE
CALL DONEFPL
FORMAT (/)
STOF
END
FUNCTION Esat(T)
DATA Ts /373.16/
DATA 0SS /3.0057149/
D3=ALOG(EWS) + where Zu3=1013.246 millibars,.
IF (T.6T.Ts) GO T4 1
A=Ts/T
B=(1.-1./A>411.344
C==3.491349%(A-1.)
01=-7.90298%(A-1.)
02=5.02808xAL0G10A)
D3=-1,3816E-7%10.xk(R~1."
04=8,1328E-8%10.%Xk(C~1,"
Tt=U1+D2403T4+04+05
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C E=10,&kT¢
L (W GO 0 2
; Cl CUNTINUE
E=E{F(19.,345032-4220.30244/T)
2 CONTINUE ‘
Esat=100., %t ,
END
FUNCTION FNAREA(ZvasRatio)
2272=2
RATTT=Ratio }
FNAREA=AQ ;
EMG o
FUNCTION GRS - o OATR - IGROE cRH0
UR=VAIR-LORCEF
DRAGF=3,129E-4XRXVRX (1 .+2: 24?FEAXRHOXR KV
C The dras force 15 oaloulsted from Oszen fFlow osrrovimatior:
(o (drad force) = SXFIXEtaXR¥VUX(1F{Z/141ke)r where Lta is thae ~15-
G cosit4yyR is the radius of the drosr V is 1ts velocitw relati.e
C to the zir flowi Re is the Reunold’s numbery defined bu
C Re=2%Rho%V/Etar where Rho is the dersity of the air.
END

FROGRAM MIESCAT
DIMEMSION JAY(300) sWHY(300)»SIGH(300) yTJAYFM(300) s SIGHFI1(300) s

The nomenclature used in the documentstion of this srodram
follows that used in *HANDEOOK OF MATHEMATICAL FUNCTIONS®'sedited
by ABRAMOWITZ and STEGUN» mublished by NATIONAL PBUREAL] OF STAMDO-
ARDS» Liecembery»1945.

JAY(N) are the Srherical Ekessel Functions of the first kind,

WHY(N) are the Srherical BRessel Furctions of the secord kind,

SIGH(N) are the Riccati-EKessel Furictions (with resl ardument)s

CJAYFM(N) are the first derivatives of the Sesherical Ressel
Functions of the first kind,

SIGHFM(N) are the first derivatives of the Riccati-Eessel
Functions.

1CFI(300)CTAU(300)yCOPI(300)

CPI(N) are the Nth order lLedendre Functions divided by the
Sirne of the scattering arngler»THETA

CTAU(N) are the first derivatives of the Legercdre Furnctions
with resrect to the scattering andle THETA»

COPI(N) are the first derivatives aof the Ledendre Furnctions
with resrect to the Cosine of the scattering andgle THETA»

COMFLEX CH1(3C0),ETA(300)+CHIFRM(300) yETAFRM(300) »CSIGHR(300)

CH1(N) are the Srherical Bessel Functiorns of the third kind,

ETA(N) are the comrlex Riccati-Bessel Furctiomns with comsley
srdumentss

CH1FRM(N) 3re the first order derivatives of the Serherical Ressel
Functions of the third kinds

ETAFRM(N) are the firsat order derivatives nf the Ricecati-Hessel
Functiornsy

C3IGHR(N) are the ratios of SIGHFM(N) to SIGH(NY for cowmeleaew
arduments.
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C 1o THYCS2THLCEAT sy CEMsCXM
C
C CSi{TH 13 the 8§ sub 1 2l=2ment of the smelibtiarde wc3tterira watr o
C ( See "ATMOSFHERIC RALDIATION®svel.leins ROMOGODDY fo- the definl -
C ti1on arnd nomenclature of the scatter:ina aseustion-.

- C CS2TH 1s the § sub 2 elemernt of the scattaerind matriso

RN L CCEXT 1is the extinction cross-sactiony

gf; g CEM 13 the comrlex index of refraction of the scatterer,

2oy C CXM 15 the comerler wave rumbier ( =CEMXL0A

- C

!. Iny REAL JAY»JAYOsRUOAY KOy LAMEDN y MM L » MMMD

SN (™

FOA L3 the wavenumoer o =2¥"I/7LANERDA D>
RO 135 2¥FL/LAMEBDN
LAMBDA is the wavelernzth {(irm meters) of the 1rcidert radistiony
MMM1 is the real resart of the 1nde: of refrachtiaony
MMM2 1s the imasgsinary rart of the inde:: of refraction,
DATA CFI(1)sCOFIC(1)»CLFI(2) /-1,0¢0.0¢-3.0/
DATA FIJEFSO»CSFLGT /3.1415927y 6§.8419413E-12y 3,.00E8 /
DaTA RADIUSLAMEBDA / 1.00E-6» 4123,0E-10 /
DATA MMML.MMM2 7/ 1.50 » -0.01 /
DATA THETA 7/ 0.,000000 /
IATA RNDERR 7/ 1.00E-8 /
KO=2.XFI/LAMEBDA
KOA=KOXRADIUS
CEM=CMFLX (MMM1yMMM2)
CXM=KOAXCEM
TEST1=CAERS(CXM)
IF ((KOANMLT.0.8) . ANDJ(TEZZTILLT.0.5)) GO T0O 30
IF (KOA.LE.1.0) GO TO A0
RNDA=-ALOG(10 . XX (~RNDERR))
RNDIIAZ23=(J . XRNIIAYX(2./3.>
E=RND323/10.
NMAX=RND323
IF (KOA.GT.E) NMAX=(RND323+(RND323%X2+ (2, 0kK0A)XX2)¥X(0.5Y) /2,
UNEVNN=NMAX+0.5
TANHAL=(1 .~ (KOA/UNEUNN)XX2) X% (0.35)
ALFHA=0 . SXALOG( (1. +TANHAL )/ (1.+TANHAL))
JAY (NMAX) =EXF (UNEVUNNX (TANHAL-ALFHA) ) /7 (2, 0X (KOAXTANHAL XUNEUNN)
1%k%(0.5))
KMAX=NMAX-1
IF (NMAX.GT.299) GO TO 100
JAY (NMAX+1)=0,0
SUMJ=(2%XNMAX+1)XKJAY (NMAX XJAY (NMAX)
o 1 I=1sKMAX
N2N1=2% (NMAX~-I+1)+1
JAY (NMAX=I)=N2N1XJAY (NMAX-TI+1)/KOA-JAY (NMAX-T+2)
SUMJ=SUMJ+JAY (NMAX-T)XJAY : NMAX~T)XN2N1
COMTINUE
JAYO=2,0%JAaY (1) /KOA-JAY (D)
SUMJ=SUMJI+JAYOXJIAYO
SUMJ=SUMIKkX(0,5)
JAY (L)=JAY (1) /8UMd
WHYO=~-COS(KCAY /IK(1A
WHY (1) =WHYO/RKOA=-SIMNIRGAY ~ i
CHLIC(1)=CMFLXC(JAY (1Y pUWHY 1
WHY (2)=3 . xWH (1) /KQA-WHYS
COSTH=COS(THETA)
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CHLONMALH L) SRR 1A (NMAX L) s WHY (HMARS L)

(o CHEUR ACCURACY OF LAY 8 HERE RBY JAYO AND JAYl

< CEM=CMPLX (MM L1y MM

c CXM=KOAXCEM

c L0 3 N=1,NMAX

(o] SIGH(N)=KOAXJAY N)

c ETA(N)=KOAXCH1 (N)

c CIRTFMNI = (NRJAYIN=-L) = (MN+1) RJAY(N+1) ) /7 {2XN+1)

CHIFRM(N)=(NXCHL (N~1)=(N+ 1) XCHL(N+1 23/ 2¥MN+1)
S1GHFM(N)=JAY (N) +KOAKCIATFM (N
ETAFRM(N) =CH1 (N) +KOAKCHLFRM (N)

CSIGHR (N)=FMCALC (CXMsNsRNDERR) +N./ XM

CONTINUE

CS1TH=(0,05,0.0)

CS2TH=(0.050.07

CCEXT=(0.0+0,0)

[0 4 N=1,NMAX

NFAC21=2%N+1

NFAC12=NFAC21/ (NX(N+1))
CS1TH=CS1TH+NFAC12%X (CAMIE (2 ¥CFI(N) +CBMIE (NI XCTAU(N) )
CS2TH=CS2TH+NFAC12K (CAMIE (N) XCTAUGN) +CEMIE (N) XCFI(N) )
CCEXT=CCEXT+ (2%N+1)%(CAMIE (N)+CBMIE(N))
GSCA=QSCA+NFAC21 X (CAMIE (N)XCONJG(CAMIE(N) +
1CBMIE(N)XCONJG(CEMIE(N))

CONTINUE

CS1TH=CS1THXELECO%(0.0s-1.0?
CS2TH=CS2THXELECOX(0,0y~1.0)
CEXT=(2,XFI/(KOXKO) ) XREAL (CCEXT)
S QEXT=(2,/ (KOAXKOA) ) XREAL (CCEXT)
EDE QSCA=QSCAX(2,/ (KOAXKDA))

= QAES=QEXT-QSCA

ccPUT IN FRINT STATEMENTS HERE
GO TO 200
CONTINUE
CMPLF 1= (CEMKCEM=1.)/ (CEMXCEM42.,)
CS1TH=KOAX¥3KCMFLF1
CS2TH=CS1THXCOS(THETA)

REEIL.=CARS (CMFLF 1)

ASCA=(3./3.) XNOAKKAKRER L KREEL

QABS=4. KATMAG (CHFLF1)

CC FRINT out RAYLEICH scattering here.
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o GO TO 200

D% 2 40 CONTINUE

Eiﬂ - A=MMM1

N € BeMMM2IAD
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o SENTh=CL, ~CUSTHRCOSTH K% )0 35)
o SINTH=S [ (THET,

> CRI(2)-=2, XCOSTH

@ SINTH2=S INTHXST, TH

o CTAU (L) =~CNSTH

c DO 2 N=2yNHAX

e WHY (N#1) = (XN L XWHY (M ZRQA-WH( (= 1)

@ SAY (ND=JAY (N) /3UMJ

@ CHL{N) =CMPLXCJAY CN) s WHY (N 3

e CPI(N+1)=¢ (ZRN+1) /NIXCOSTHRCET (N) ~CON#D) B KOFT 1)

c CTAUCN) =COSTHXCF L N)=STNTHZ KEDIFT (o)

c COPTONFLI=CCOKNAL) “ (=12 ) RCUSTHXCUFT (2 CON#2 /-1 5 k30 L L, -
e 2 LONTINUE

'''''''''''




o ZI=(A+RIXXD+4 . K (A-R) +4,
e Z2=3 X (A+R)I XE2+ 12 X AR w7

o ASCA=3 . X ((ATE FRXD2EA~L-2, ) X243 S KANRE) ARDAKKS

c 1XC1.4+(1.2/7° v X{A+B -4, ) XKNOAKXL2-8 ¥MMAMLKMAMD KON RS /2L /(3 kT keED)
c QEXT=(24 . XMMH L KMMM2EKO0A/Z1) 402 215,04 (20. /(3 k220 M(3a i th o,k
e 1(7.X(A+B)XX2+3. K (A-B=5.) ) ) XMMM1 XMMM2XKOAXK3

c 24H(B. /(3 XZ1IXE2I IR CCAFRIKX2HA--B~2, Y X2 +T 5. XKAXKE) XROA KK 4

c 2:8S=QEXT~-RSCA

ccccece FTTMT QUT HIGHER ORDER EXFANSIGN RESULTS HERE

o GO TO 200

© 100 CONTINUE

ccccPRINT *NUMBER OF TERMS RERUT "D TO CALCULATE THE MIE COEFG,TCO LARGES
= 200 COMNTINUE

o COMFLEX FUMNCTION FrCALT(Xsiir ANDERR)

c COMPLEX CIX»XsCNUM(300) »CDEN{300) » Caide3090) » FMCALL » TNUF

c I' Y CDENC(1) / 21.0:0.0)/

c CIX=r=visy /X

c U0 1 M=1,300

e CAM(MY=— (2K (N+M) *RCIX

c1 CONTINUE

c CNUM(1)=CaH(1)

e CHMUM(2)=CAM(2)+1./CAM(1)

c CDEN(2)=CAaM(2:

o FMCALC=CNUM(1) KCNUM(2) /CDEN(2)

c D0 2 14=35300

r~ CNUM (MY =CAR(MI+ 1. /ONUM(M-1)

P CPEN(MY=CAM(M)Y+1 . /CDEN(HM-21"

o CHUT=CHUM (M) /CDEN(M)

o FMCALC=FMCALL LCHUS

o F=CARS(CNUF

o ABSF=AES(F-1.0"

= IF ¢a3SF.LT.F¥ "RR) GO TO 3

c 2 COMTINIE

>3 COMTIM. ™ _ .

c RETURN e .

o =t {1

A-21



